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Pt and Ir impregnated alone or together on SiO*, Aerosil (Degussa), have been examined with X- 
ray diffraction, transmission electron microscopy, and temperature-programmed reduction as 
prepared and after heating in O2 or in 1% O2 in He at temperatures (T,,) in the range lOO-700°C. 
Mostly single-phase Pt/Ir alloy particles are formed only when the ratio of Pt to Ir is close to 50/50. 
The surface composition of such particles is about Pt 73%, Ir 27%. On heating, no oxide is detected 
with Pt but the particle size increases. With Ir and Pt/Ir (SO/SO), a surface oxide, Ir,O, is formed if 
T,x < 300°C but IrO, as thin blades or sheets grows out from metal particles if T’, > 300°C. Pure Ir 
is completely oxidized at T,, = 550°C but in Pt/Ir(50/50) alloy only 65% of the Ir is oxidized at T,, 
= 700°C when most oxide crystals have been separated from residual metal particles by gas phase 
transport of IrOz. The reduction of oxide is autocatalytic; once metal particles have been 
nucleated, atomic hydrogen is produced which nucleates further metal particles on the adjacent 
oxide. Agglomerates of heavily faulted Ir metal particles are formed on reduction. Thus oxidation 
and reduction appreciably diminish the metal surface area and destroy the single-phase alloy. 

INTRODUCTION 

Platinum metal supported on various ox- 
ides has been used traditionally as a reform- 
ing catalyst in the petroleum industry. The 
search for more selective catalysts initiated 
the development of supported bimetallic 
catalysts, based mainly on the Pt/Re sys- 
tem. More recently, it has been claimed (1) 
that Pt/Ir alloy catalysts exhibit higher se- 
lectivity and activity and a lower tendency 
to “coke” formation than Pt/Re catalysts. 
However, under the conditions of elevated 
temperatures and oxidizing atmospheres 
needed to burn off the “coke,” Ir forms 
oxides of significant volatility. From X-ray 
diffraction and Mossbauer spectroscopy it 
has been concluded that these oxides form 
large grains separate from the original alloy 
particles. (2a,b). Thus Ir is lost from the 
alloy particles and the catalysts lose their 
desirable properties. As a practical mea- 
sure it has been suggested that after the 
carbon has been burned off, catalysts 
should be treated with halogen-containing 
compounds to redisperse Pt and Ir. It is 
claimed that this procedure prevents large 

Ir clusters and restores the initial catalytic 
activity (3). 

To understand how supported catalysts 
change during operation and regeneration, 
it is important to examine the morphology, 
distribution, size, and structure of metal 
particles after different exposures. Studies 
on the rate of oxidation of bulk specimens 
of Ir and Pt and the thermodynamic stabil- 
ity of the resulting oxides have been re- 
ported before (4). Work on the stability of 
Pt and Ir particles on various supports has 
also been carried out (5) but a systematic 
comparison of the oxidation behavior of Pt, 
Ir, and Pt/Ir alloy particles has not been 
reported before. We have therefore ex- 
posed such particles to various reaction and 
oxidation conditions and have then exam- 
ined them with temperature-programmed 
reduction (TPR), X-ray diffraction (XRD), 
transmission electron microscopy (TEM), 
and selected-area diffraction (SAED). Al- 
though r-Al,O, is the common support in 
reforming catalysts, we chose SiOZ as sup- 
port because exploratory experiments 
showed that the 222 y-Al,O, peak pre- 
vented us from observing details in the 111 
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metal peaks when the metal loadings of the 
catalysts were low. 

EXPERIMENTAL 

Catalyst Preparation 

In preparing the catalysts (Table 1) a 
slurry of aqueous H,PtC& and/or H&Q 
with Aerosil (Degussa) was dried in air at 
100°C and then heated for 15 hr in Hz at 
400°C. 

Catalysis 

Catalysts 1, 2, and 3 were tested for the 
conversion of n-heptane in a flow appa- 
ratus, as described previously (6). The H2 
to HC ratio was 20 to 1 and the space 
velocity (WHSV) was constant at 1 hr-‘. 
These conditions are not suitable if the 
initial product distributions and thus the 
selectivity of catalysts is of interest, but 
they readily enable one to demonstrate 
changes in surface composition and the 
presence or absence of separate Ir particles 
in catalysts. 

Oxidation-TPR 

Catalysts were heated at selected tem- 
peratures (T,,) in the range lOO-700°C for 1 
hr either in situ in 1% 0, in He, or exter- 
nally in a flow apparatus (30 cm3 STP min-’ 
0,) or in a static system in air. They were 
then flushed with NZ at the selected temper- 
ature for 30 min and also while they cooled 
to room temperature. Subsequently the car- 
rier gas was switched to 3% Hz in N, and 
after obtaining a stable baseline on the 
chart recorder connected to the Carle Ther- 
mistor gas chromatograph used as detector, 
the temperature was increased at a rate of 
5°C min-’ in the range 25 to 400°C. Usually 
a fresh sample of catalyst was used for an 
oxidation-TPR cycle, but some samples of 
catalyst 3 were heated for 2 hr in HZ after 
TPR and then reused in further oxidation- 
TPR cycles. 

Electron Microscopy 

Catalyst samples were dispersed ultra- 
sonically in ethanol. A drop of the disper- 

sion was then placed on a holey carbon film 
supported on a 400-mesh Cu grid, dried, 
and examined in a JEM 100 CX electron 
microscope. 

X-Ray Diffraction 

Stepscans in the 28/8 mode were ob- 
tained with a vertical D-500 diffractometer 
on a KS05 generator (Siemens A.G.) using 
an FK50/21 Cu fine-focusing tube operated 
at 45 kV and 20 mA with a Ni filter, a slit 
setting at 0.3”, 0.3”, 0.3”, 0.15”, and rotating 
specimens. Samples were either loosely 
back filled into 4-mm thick holders as sug- 
gested originally by McCreery and de- 
scribed recently in (7), or they were 
pressed at 8000 kg into tablets and then 
mounted in the holder. The packing did not 
noticeably influence peak shapes, so when 
specimens were to be used for further oxi- 
dation or TPR experiments they were 
loosely packed, but pressed tablets were 
used to determine exact peak positions. 

Particle Size Determination 

The metal particle sizes in the catalysts 
were determined by counting and sizing 
several thousand images of particles on 
TEM plates taken at a magnification of 
160,000x. Average particle sizes obtained 
were in agreement with those calculated 
from Hz adsorption measurements, but 
values obtained from the shapes of 111 
metal peaks in XRD traces were up to 100% 
higher. This discrepancy probably resulted 
mainly from the difficulty in determining 
accurately what proportion of the intensity 
in the tails of XRD peaks was due to the 
metal particles or to the substrate. 

RESULTS 

CHARACTERIZATION OF CATALYSTS 

Fresh Catalysts 

Examination of TEM images revealed for 
all catalysts that the metal particles were 
generally isolated and well dispersed over 
the surface of the support (Fig. 1). Particles 
with diameter (d) less than about 5 nm 
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usually exhibited spherical shapes, but par- 
ticles with d > 10 nm tended to be flat 
islands. Furthermore, contrast changes 
across individual particles showed that 
those with d > 5 nm were often faulted or 
consisted of diBerent grains. No changes in 
contrast could be detected across particles 
with d 5 2 nm and it was assumed that 
these were mostly single crystals. 

However, marked differences existed be- 
tween catalysts of different metal composi- 
tion with regard to the size distribution of 
particles (Figs. 2 and 3). For Ir catalysts, d 
was generally less than 10 nm and most of 
the particles were found in the range 0 < d 
< 1 nm. In Pt catalysts and Pt/Ir catalysts 
containing 50% or more of Pt, in contrast, 
particles with d > 10 nm could readily be 
observed and the size distributions showed 
maxima at around 2-3 nm. 

Examination of catalysts with X-ray dif- 
fraction yielded the following general 
results: 

1. The traces of all catalysts showed 
distinct but broad metal peaks and a sloping 
background resulting from the support. The 
separation and change in intensity of the 
peaks showed that the structure of metal 
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FIG. 2. Histograms showing metal particle size 
distributions for catalysts 2 (---) and 3 (-_) as 
prepared. 

I average 

particle sire (nm) 

FIG. 3. Histograms showing metal particle size 
distributions for catalyst 1 after different treatment; as 
prepared (- -), heated in 0, at 700°C for 4 hr. then H, 
at 500°C for 4 hr. (. .). 

particles was always fee. When specimens 
consisted of equal mixtures of Pt and Ir 
catalysts, the presence of both metals was 
clearly indicated (see trace marked Pt + Ir 
in Fig. 4). 

2. In the 28 region between the 111 Pt 
and Ir peaks, coimpregnated Pt/Ir catalysts 
exhibited a smooth single peak when the 
concentrations of the two metals were 
about equal; but when the concentrations 
differed markedly two peaks were indicated 
in this region (compare traces for catalysts 
3, 4, and 5 in Fig. 4). Thus XRD showed 
that mainly single-phase alloy particles 
were present in coimpregnated catalysts 
only when the Pt/Ir ratio was close to 
50/50. 

3. Examination of pressed tablets re- 
vealed that 111 peak positions for Pt and Ir 
occurred at 39.80 and 40.64” 20, respec- 
tively, as expected from listed d spacings. 
For Pt/Ir (53/47) the 111 peak position 
occurred at 40.0” 20. With loosely packed 
specimens (Fig. 4) the peak positions were 
somewhat displaced towards lower values 
of 28. 

In order to avoid complications due to 
the presence of different phases in the same 
catalyst the following sections are re- 
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FIG. 4. XRD stepscans across the 20 region of 111 
peaks of Pt (39.80”) and Ir (40.64”) for different cata- 
lysts, CuKa radiation, samples loosely packed. The 
sloping background results from the SiO, catalyst 
support. The scan labeled Pt + Ir was obtained from 
an equal mixture of 1.5% Pt on SiO, and 1.5% Ir on 
$0,. Each circle represents an individual reading. The 
intensity units are the same for all samples and the 
peak height for catalyst 1 amounts to more than 20,000 
counts above background. 

stricted mainly to catalysts 1, 2, and 3 
which contained Pt, Ir and Pt/Ir (53/47) 
respectively (Table 1). 

TABLE 1 

Composition of Catalysts 

Catalyst 
number 

Total metal Proportion of 
content constituents 
(wt%) (mol%) 

Pt Ir 

1 0.9 100 0 
2 1.7 0 100 
3 2.6 53 47 
4 2.84 80 20 
5 2.2 27 73 

CATALYTIC MEASUREMENTS 

The extent of conversion and product 
distribution for n-heptane over catalysts 1, 
2, and 3 are summarized in Table 2. 

Catmlysts Exposed to Oxygen 

IOU 5 T,, ZG 300°C. In this range no 
changes were observed with XRD, TEM, 
or SAED for any one of the catalysts. 

200 < T,, 5 700°C. For Pt (catalyst l), 
the metal peaks in XRD traces developed 
sharper maxima while in TEM images 
metal particles developed crystallographic 
shapes and the average size increased (Fig. 
3) as T,,, was raised. 

For Ir (catalyst 2) and Pt/Ir (catalyst 3), 
in contrast, marked changes were observed 
in this range. The changes depended on T,, 
but not on the choice of system given in the 
experimental section. 

As illustrated with XRD traces over the 
range 26 5 20 I 36” in Figs. 5 and 6, with 

TABLE 2 

rt-Heptane Conversion at 400°C 

Catalyst Conversion Product Distribution (%) 
(%) 

cc, iso-c, CL’CI-C, 

(1) pt 10 14 40 20 
(2) Ir 100 100 (Methane) - - 
(3) Wr 53 19 34.5 22.5 

n Expressed as percentages of n-heptane converted to indicated products. 

toluene 

26 

24 
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FIG. 5. XRD stepscans across the 28 region of the 110 (28.1”) and 101(34.75”) peaks of IrO, obtained 
on catalyst 2 treated at the indicated conditions, CuKa! radiation. The sloping background results from 
the SiOI catalyst support. The intensity units are the same for all scans. 

both catalysts new peaks occurred at iden- 
tical 28 values. These peaks became first 
detectable at T,,X = 4OCPC and developed 
definite maxima as T,, was increased to 
7OCY’C. When the catalyst contained only Ir 
(catalyst 2) all the additional peaks could be 
systematically identified as resulting from 
the formation of tetragonal IrOZ with rutile 
structure (8, 9). 

As Tax increased, the metal peaks 
changed in different fashions for catalysts 2 
and 3. For Ir (catalyst 2) the peaks de- 
creased in height and they became mark- 
edly broader until at To, = 550°C they were 
no longer detectable. (A low broad peak, 
which was observed at 28 = 40.1” resulted 
from (200) type planes of IrO, .) Thus, for 
this catalyst, oxidation of Ir was complete 
after 1 hr at Tax = 550°C. 

With Pt/Ir (catalyst 3), in contrast, the 
metal peaks became appreciably sharper 
and the maxima shifted toward the posi- 
tions of the appropriate bulk reflections of 
Pt. This indicated that the remaining metal 
particles increased generally in size and 
that they became enriched in Pt. Thus, as 

with pure Pt (catalyst l), in Pt/Ir (catalyst 
3) the Pt was also not oxidized to any 
appreciable extent and the oxide was in 
this case also essentially IrO,. This result 
could not be deduced from the appearance 
of the oxide peaks alone because PtO, 
and IrO, have very similar structures and 
agree closely in their interplanar spac- 
ings (9). 

Examination of TEM images (Figs. 7, 8) 
showed for both Ir and Pt/Ir that the oxides 
generally grew as individual crystals form- 
ing thin blades or sheets which decreased in 
thickness towards the edges. Only with Ir 
(catalyst 2) heated at To, = 550°C in air 
under static conditions were metal particles 
occasionally enveloped by fine-grained 
polycrystalline oxide (Fig. 7b). 

In the range 400 < T,, < 550°C the oxide 
crystals were often still attached to what 
appeared to be the original metal particles. 
This is illustrated in Fig. 7c, which also 
shows that in this range of To,, small parti- 
cles exhibiting different contrast were usu- 
ally distributed all over the oxide when the 
catalyst contained Pt/Ir. No such particles 
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FIG. 6. XRD stepscans across the 28 region of the 110 (28.1”) and 101(34.75”) peaks of IrOp obtained 
on catalyst 3 treated at the indicated conditions, CUK~Y radiation. The sloping background results from 
the SiOz catalyst support. The intensity units are the same for all scans. 

were observed with Ir (catalyst 2). Obser- 
vations in dark-field illumination showed 
that the particles which were distributed all 
over the oxide were metal, but it was not 
possible from the SAED patterns to distin- 
guish between Pt and Ir. 

In the range 550 < Tax 5 700°C (Figs. 7d, 
8a-d) oxide attached to original metal parti- 
cles was no longer observed with Ir cata- 
lysts but was still common with Pt/Ir up to 
Tax = 600°C (Fig. 7d) and was occasionally 
observed even at T,,, = 700°C (Fig. 8~). 
However, as shown in the figures, metal 
particles were no longer distributed all over 
the oxide if To, exceeded about 550°C. The 
average size of oxide particles was much 
larger at the higher values of To, and both 
blades and sheets were somewhat thicker; 
in addition, the larger residual metal parti- 
cles in Pt/Ir catalysts exhibited crystallo- 
graphic shapes, while the smaller ones 
formed nearly perfect spheres, (e.g. see 
Figs. 8d and 12b). Twinning was present 
frequently in the oxide and caused many of 
the blades to adopt sharply bent shapes like 
boomerangs, but sometimes growth had 

also proceeded normal to the plane of a 
boomerang (Fig. 8a). Often one of the twins 
was terminated by crystallographic planes 
while the other exhibited cavities (Fig. 8b). 
Occasionally both ends were crystallo- 
graphic and there were signs that the twins 
had been attached to a substrate at their 
junction. The longest twin arms observed 
for To, = 700°C were somewhat longer than 
1 pm. Even such long blades were very 
thin, had parallel sides, were terminated by 
crystallographic planes and had length to 
width ratios of up to 100 to 4. Examination 
of lattice images and SAED patterns of 
oxide (Fig. 9) revealed that the planes of 
blades and elongated sheets were always 
of the { 110) type and that the growth 
direction was always parallel to the c axis 
(Fig. 9a). The crystallographic terminations 
of the blades were thus formed by { 11 l} 
and (002) type planes. Thin sheets which 
were not elongated were usually smaller in 
size. Lattice images of such oxide sheets 
(Fig. 9b) showed that in this case the plane 
of the sheet was parallel to (002) type 
planes. 
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PZ;/Ir 4oo"c 

20 nm 

Pt/Ir 6OO'C 

FIG. 7. Electron micrographs illustrating the oxidation of catalysts up to 600°C. The oxide, IrO,, 
forms thin blades or sheets attached to metal particles in flowing 1% 0, in He, [(a), (c), and (d)] but in 
static air it occasionally encapsulates metal particles (b). Below 550°C small Pt particles are distributed 
over the oxide in Pt/Ir catalysts (c). 

TRP PROFILES 

For Pt (catalyst 1) exposed to oxygen in 
the range 100 < T,, < 700°C the TPR 
profiles exhibited only a small negative 
peak with a minimum at 130°C which was 
attributed to the desorption of adsorbed 
hydrogen. The absence of positive peaks 
with TPR agrees with the failure to detect 
oxide with either XRD or TEM. The reduc- 
tion of chemisorbed oxygen on Pt occurs 

already below 25°C (28)) and therefore does 
not contribute to the TPR profiles. 

For Ir (catalyst 2), selected profiles 
which illustrate the behavior of this catalyst 
are shown in Fig. 10. When T,, was in- 
creased above ambient, a single TPR peak 
with a maximum at 75°C appeared as T,,, 
reached 100°C. When To, was increased 
further (150, 200, 2WC) the peak became 
higher and the maximum shifted to 87°C. At 
T ox = 300°C a second peak with maximum 
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50 nm 50 nm 

FIG. 8. Electron micrographs showing typical oxide, Ir02, crystals formed in flowing 19% 0, in He in 
the range 600-700°C. Metal particles are still present in Pt/Ir catalyst mostly separated from the oxide 
(d), but sometimes still attached to it (c). Twinning is common in the oxide, e.g., see T,, + (b). 

at 215°C became discernible. This peak peak height increased but the temperature 
increased rapidly as T,, was raised further of the maximum remained constant. At T,, 
while the peak at 87°C decreased until at T,,, = 300°C again a second peak appeared with 
= 550°C only the high-temperature peak a maximum at 215°C. The general behavior 
remained and its maximum was now at of the two peaks with increasing T,, was 
240°C. Increasing T,, above 550°C did not similar to that observed with Ir (catalyst 2). 
produce any further changes in the TPR For example, the low-temperature peak de- 
profile. creased and was no longer detectable at T,, 

For Pt/Ir (catalyst 3) (Fig. 11) again a = 550°C. However, in contrast to Ir, the 
single TPR peak appeared as T,, reached maximum of the high-temperature peak re- 
lOo”C, but the maximum of the peak was mained constant at 215°C but the peak 
at 60°C. As T,, was increased to 300°C the developed a shoulder on its high-tempera- 
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FIG. 9. Electron micrographs showing lattice images of llO-type planes in oxide, IrO,; blades (a) and 
sheets (b). 
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FIG. 10. Temperature-programmed reduction (TPR) profiles typical for Ir (catalyst 2) oxidized at 
indicated temperatures. 
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FIG. 11. Temperature-programmed reduction (TPR) profiles typical for Pt/Ir (catalyst 3) oxidized at 
indicated temperatures. 

ture slope and as T,, reached 550°C a 
marked satellite maximum at 240°C was 
obvious. Raising T,,, above 550°C increased 
the height of the maximum at 240°C and 
decreased that of the maximum at 215°C so 
that at To, = 7OO“C the profile exhibited 
mainly a single peak which had a maximum 
at 240°C and a barely discernible shoulder 
at 21s”C. 

Quantative data extracted from the TPR 
profiles are summarized in Table 3 together 
with the mean particle sizes and the number 
of surface atoms for catalysts 1, 2, and 3. 
When the H, consumption during reduction 
was calculated from the areas under the 
TPR peaks it was found that for Ir (catalyst 

2) the consumption levelled off in the region 
200 < To, < 300°C and when To, was larger 
than 55O”C, whereas for Pt/Ir (catalyst 3) it 
increased monotonously with T,,, (Table 3, 
Fig. 14). 

When a sample of Pt/Ir (catalyst 3) which 
had been subjected to an oxidation (200°C) - 
TPR cycle was heated in Hz at 400°C for 2 
hr and then reoxidized at To, = 200°C the 
new TPR profile showed a marked increase 
in the area under the peak. However, the 
original profile was restored when the cata- 
lyst sample was heated in HZ at 400°C for 20 
hr after the second TPR profile (Table IV). 

To study the reduction mechanism, TPR 
profiles for T,,, = 550°C were interrupted at 
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TABLE 3 

Quantitative TPR Data 

Catalyst No. of Meall Temp. of Maxima of TPR peaks Hz consumed in oxide reduction 
surface Particle oxidation, (“C) . --- ( lOLo molecules 8;;) 

metal atoms Size 
(g2, x 1O’V (Ml) Low-temp. High-temp. Low-temp. High-temp. Total 

peak peak w+k peak 

Catalyst 1 
Pt/SiOp 

Catalyst 2 
Ir/Siq 

Catalyst 3 
Pt/Ir (53/47)/SiO, 

100 
0.75 4.0 700 
3.1 1.9 100 

150 
200 
250 
300 
400 
550 
700 

3.0 3.1 100 
150 
200 
250 
300 
400 
550 
700 

a From H, adsorption. 

240°C for Ir (catalyst 2) and at 215°C for tion of TEM images revealed that when the 
Pt/Ir (catalyst 3) (Figs. 10, 11). When the TPR runs were interrupted, oxide crystals 
profiles were restarted after the catalysts in both catalysts carried some firmly adher- 
had been cooled to room temperature in ent metal crystals which had been nucle- 
Nz, both catalysts then displayed profiles ated in the TPR run (compare Figs. 12a-c, 
with just a single maximum at 215°C similar 8). The concentrations of metal particles 
to the high-temperature prts of uninter- increased towards the edges of an oxide 
rupted profiles for T,, = 400°C. Examina- crystal (Fig. 12b). 

Moire fringes (Fig. 12a) indicated that the 
metal was not preferentially oriented with 
respect to the oxide. When the oxide was 
thin, gaps could be seen between the metal 
particles and the oxide (Fig. 12~). Examina- 
tion with XRD revealed slightly reduced 
IrO, peaks. For Ir (Catalyst 2) the peak at 
around 40” 28 was slightly increased and for 
Pt/Ir a shoulder was noticeable on the 111 
metal (Pt) peak, similar to that resulting 
from reduction after oxidation at T,,, = 
400°C (Fig. 13). These observations indi- 
cated that the partial reduction of the oxide 
produced separate Ir particles. 

TABLE 4 

Repeated Oxidation (To% = ZOO”C)-TPR Experiments 
on Catalyst 3 (Pt/Ir(53/47)) 

Catalyst treatment TPR peak area Surface 
( lOIs molecules composition 

Hz n&‘t) (mol% Ir/Pt) 

Fresh catalyst 
l%OJHe 2WClhr 1.23 27173 

K 4twc2hr 
l%O,/He 2WClhr 2.05 46/54 

400°C 20 hr 
200°C 1 hr 1.30 29171 

4WC2hr 
200°C 1 hr 2.17 48152 

4Oo=c 20 hr 
200°C 1 hr 1.27 28/72 

no peaks - - 
75 IM - 1.45 
85 3.61 - 3.61 
87 4.52 - 4.52 
87 4.58 - 4.58 
87 215 3.43 1.81 5.24 
87 230 1.39 6.08 7.47 

240 - 10.60 10.60 
240 - 11.00 11.00 

60 0.36 - 0.36 
60 0.78 - 0.78 
60 1.20 - 1.20 
60 1.63 - 1.63 
60 215 1.69 1.01 2.70 
60 215 0.84 2.59 3.43 

210240 - 4.40 4.40 
240 - 5.00 5.00 

After a TPR profile was completed, XRD 
traces no longer revealed any oxide peaks. 
For pure Ir (catalyst 2) the 111 metal peak 
was more prominent and sharper than be- 
fore oxidation, while for Pt/Ir two distinct 
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FIG. 12. Electron micrographs illustrating the partial [(a),(b), (c)] and complete reduction (d) of ItO, 
crystals. The temperature-programmed reduction was terminated at 21s”C for Pt/Ir ](a), (b)] and at 
240°C for Ir (c). In (a), which shows part of(b) at higher resolution, moire fringes show that the metal 
and oxide are not specifically aligned. Large residual metal, Pt-rich, particles are obvious in (b). 
Complete reduction leads to aggregates of small heavily faulted Ir particles preserving the general 
shape of the oxide crystal (d). 

111 metal peaks were observed (Fig. 13) less defective metal particles and more ten- 
showing that such treatment destroyed the uous aggregates. 
alloy (cf. Figs. 4 and 13). TEM images 
revealed that the more substantial oxide 

DISCUSSION 

crystals had been converted into contig- Crrtdyst Structurr 

uous aggregates of extensively faulted and As shown in the results, we deduce from 
defect Ir crystals. These aggregates often the XRD traces that exclusively single- 
preserved the shape of the original oxide phase Pt/Ir alloy particles were formed 
particles (Fig. 12d). Generally thinner oxide only when the two metals were present in 
crystals and sheets produced smaller and very similar concentrations. This result dis- 



FIG. 13. XRD stepscans across the 20 region of the 
111 peaks of Pt (39.80”) and of Ir (40.64”) for Pt/Ir 
(catalyst 3) oxidized and subsequently reduced at the 
indicated conditions. The intensity units are the same 
for all samples. 

agrees with findings by Rasser et al. (10) 
that the two metals form single-phase alloys 
in all proportions if prepared as Kulifay 
powders or by coimpregnation onto y- 
A&OS and subsequent calcination in air at 
550°C and reduction at 380°C. However, 
when we tried to prepare Pt/Ir alloy cata- 
lysts on y-A1203 by coimpregnation (26) we 
found that calcination in air above 300°C 
resulted in separate Pt and Ir particles in 
agreement with Garten and Sinfelt (Zb) . 

The lattice constant (0.390 nm) deduced 
from the XRD peak positions observed 
with Pt/Ir (catalyst 3) tablets corresponds 
to a solid solution composition of only 20 
at .% Ir ( 2 1). A similar observation has been 
reported for Pt/Ir (SO/SO) on SiO, by Sinfelt 
and Via (?a). In that work the total metal 
concentrations in the catalysts were 20, 10, 
and 5% and it was found that while for the 
higher concentrations the XRD peak posi- 
tions indicated a solid solution concentra- 
tion of 50 at.% in Ir, for the 5% metal 
concentration catalyst, the peak positions 
indicated a solid solution concentration of 
only 32 at.% in Ir. As an explanation, the 
authors assumed the presence of Ir-rich 
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particles which were characterized by a 
metal dispersion higher than that of the 
catalyst overall, so that these particles 
would not influence the XRD peak position. 
However, they did not determine particle 
size distributions directly. In the present 
work TEM showed that very small particles 
were present in Pt/Ir (catalyst 3) only in 
small concentrations (Fig. 2) and its cata- 
lytic behavior was like that of Pt rather than 
Ir (see Table 2). Catalysis is a sensitive test 
for the presence of separate Ir particles, 
since for the reaction of n-heptane, Ir is 
about lo4 times more active than Pt and 
leads mainly to hydrogenolysis (12). Thus 
from all evidence, small Ir particles were 
not present in catalyst 3 and the explana- 
tion suggested by Sinfelt and Via (?a ) is not 
applicable. 

There is one effect which may lead to a 
virtual bimodal particle size distribution. 
This is the surface enrichment of particles 
with Pt, which is expected at equilibrium 
from a consideration of the surface energies 
of the two metals (13). Surface enrichment 
in Pt has been observed on Pt/Ir alloy films 
by Kuijers and Ponec with Auger analysis 
(14), and is indicated for the present cata- 
lysts from the TPR profiles (vide infra), and 
from ESCA measurements (15). Such a 
bimodal distribution of particles would not 
be obvious if the images of metal particles 
are measured in bright-field illumination, 
but it might show up when the diffracted 
beams are used as, for example, here with 
X rays. However, the indicated segregation 
does not lead to a distribution which is wide 
enough so that one could expect the Ir-rich 
interiors not to influence the peak position. 
In a study on the phase separation of Pt/Ir 
solid solutions of bulk specimens Raub and 
Plate (16) have reported that while sharp 
XRD reflections were readily observed for 
Pt-rich phases, Ir-rich phases were indi- 
cated only by extremely weak and diffuse 
signals or could not be detected at all even 
after prolonged annealing at high tempera- 
ture (up to 1 year at 700°C). These authors 
attributed their results to verv slow diffu- 
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sion of Ir which prevented the h--rich 
phases from forming ordered structures. 
However, our XRD results reveal well- 
defined peaks after heating at much lower 
temperatures even for pure Ir (catalyst 2). 
Thus the explanation of those authors is 
also not applicable and the observations 
made here and previously (2~) appear to 
reveal an as yet inexplicable phenomenon. 

Exposure to Oxygen 

300 < T,, 5 700°C. The conclusion from 
the XRD and TEM results that only Ir is 
oxidized to any appreciable extent when 
catalysts are heated in oxygen in this range 
is confirmed by the TPR profiles (Figs. 10, 
11) which show that positive peaks occur 
only with Ir (catalyst 2) and Pt/Ir (catalyst 
3) but not with Pt (catalyst 1). The high 
reduction temperature (maxima > 200°C) 
which is similar to that observed for the 
reduction of HJrCl, (I 7) is also in agree- 
ment with the conclusion that the oxide is 
IrO, . 

When T,, exceeded 500°C an appreciable 
increase in average size was observed for: 
(i) the residual, Pt-rich, particles in catalyst 
3 (cf. XRD traces in Figs. 4 and 13); (ii) the 
Pt particles in catalyst 1 (cf. histograms in 
Fig. 3; and (iii) the IrO, crystals in catalysts 
2 and 3 (cf. Figs. 5-8). The increase in 
metal particle size (catalysts 1 and 2) is 
probably due to the formation and decom- 
position of volatile oxide of Pt (f8), the 
presence of which we failed to detect. From 
TEM work on Pt vapor deposited onto a 
thin film of SiO, , it has been suggested that 
Pt oxide may be transported in molecular 
form through the gas phase or across the 
substrate (19). In the present work, with the 
large area of support, only transport 
through the gas phase is likely to be impor- 
tant. The same process most likely applies 
also to the disappearance, at T,, 2 55OT, 
of the finely divided metal which was dis- 
tributed at lower T,,, all over IrO, crystals 
still attached to original Pt/Ir particles (cf. 
Figs. 7c and d). Because this type of distri- 
bution of metal never occurred with pure Ir 

(catalyst 2), we believe we observed here 
small islands of Pt. 

The increase in IrO, crystal size became 
noticeable only at a value of T,, where in 
the Ir catalyst all the metal had already 
been oxidized: At the highest values of T,,X 
many IrO, crystals were several orders of 
magnitude larger than even the biggest orig- 
inal metal particles observed in the cata- 
lysts. We therefore conclude that this 
growth resulted from transport of oxide 
through the gas phase. Such transport has 
been attributed to the formation of IrO, 
(20). In the present work an increase in 
average crystal size of IrO, similar to that in 
oxygen was observed when an Ir catalyst 
fully oxidized at T,,. = 550°C was heated in 
Nz in the range 550-700°C. In this case, gas 
phase transport of IrOz must have oc- 
curred, in agreement with other reported 
results (?I). 

That very regularly shaped single or 
twinned crystals should result from gas 
phase transport may seem surprising. How- 
ever, similarly shaped large single or twin- 
ned crystals have also been reported for 
other oxides with rutile structure grown 
under conditions where material transport 
through another phase took place, for ex- 
ample, with TiO, grown from borate fluxes 
(22). In the present work, oxidation at T,, 
5 550°C showed that the shapes of IrO, 
crystals are generated under conditions 
where transport through the gas phase is 
still negligible. We believe that, while still 
attached to original metal particle, oxide 
crystals “grow” at their interface with the 
metal and the shapes reflect epitaxial 
metal-oxide relationships. If, at this 
stage, oxide crystals “grew” at their pe- 
rimeter, Ir oxide in molecular form would 
have to diffuse from the original metal 
particles onto the attached h-0, crystals. 
If such a process were operating we 
would expect most oxide blades to be ta- 
pered toward the tip. The results, in con- 
trast, show that blades were often ta- 
pered toward the point of attachment to 
the original particle (Fig. 7d), indicating 
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that the interface shrank as the metal was saturation of the H, consumption during 
used up in the oxidation. In the present TPR (Fig. 14, Table 3). Now, a comparison 
work, growth sustained by material trans- of the H, consumption at T,, > 550°C with 
port through another phase thus does not the Ir content of the catalyst as prepared 
initiate the crystal shapes originally. (Table 1) yields a ratio of molecules of Hz 
However, in contrast to other situations to IrOz of slightly greater than 2 and 
(22), it is surprising how well the shapes thus establishes the following reduction 
are preserved, since examination of lat- equation: 
tice images shows that even blades sev- 
eral thousands of angstroms long were 

IrOz + 2H, + Ir + 2H,O. 

found to be parallel side on an atomic The H,/IrO, ratio is greater than 2 be- 
scale. cause H, is adsorbed on the reduced metal. 

For Ir (catalyst 2) the oxidation of metal This process contributes very little to the 
particles is complete at T,, 2 550°C as Hz consumption because the oxidation -+ 
evidenced by the absence of metal particles TPR treatment reduced the number of Ir 
in TEM images, the disappearance of Ir surface atoms to about 14% of the initial 
metal reflections in XRD traces, and the value (see Table 2) and at the temperature 

100 200 300 400 500 600 700 

OXIOAllON lEWI37ATURE ‘C 

FIG. 14. Hydrogen consumption, calculated from the temperature-programmed reduction, TPR, 
peak area, plotted as a function of the oxidation temperature, T,,, for Ir (catalyst 2) (x), and Pt/Ir 
(catalyst 3) (0). 
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of reduction of IrO, (>2Oo”C) the H, cover- 
age is only about 30% of the value obtained 
at 25°C (23). Using the above stoichiome- 
try, one obtains from the H, consumption 
for Pt/Ir (catalyst 3) that only 65% of the Ir 
originally present in the catalyst (Table 1) 
has been oxidized at T,, = 700°C. This 
result is not surprising, because oxidation 
of Ir is expected to become quickly limited 
by diffusion of Ir atoms to the alloy surface. 

100 < I’,, 5 300°C. In this range no ox- 
ide could be detected with XRD and TEM 
but again in the TPR profiles positive peaks 
were observed for Ir (catalyst 2) and Pt/Ir 
(catalyst 3) (Figs. 10, 11) but not for Pt 
(catalyst 1). We therefore conclude that we 
are dealing here also with an oxide of Ir 
only. Because the low temperature of re- 
duction (maxima < 100°C) implies an oxida- 
tion state of Ir of less than 4-t) the oxide is 
probably a surface oxide (Ir,O) similar to 
that reported by Brooks (24). Indeed, if we 
compare the Hz consumption during TPR 
for Ir (catalyst 2) heated in the range 200 ZG 
T,, 5 300°C with the number of surface Ir 
atoms before oxidation (Fig. 14, Table 3) 
we obtain the same stoichiometric relation- 
ship as Brooks, namely, 

Ir,O + lSH, + Ir,H + H,O. 

We believe that the saturation values of the 
Hz consumption during TPR as determined 
here provide a better measure of metal 
surface areas of Ir catalysts than is obtained 
with 0,-H, titrations carried out at higher 
temperatures. This is illustrated by a con- 
sideration of the values reported by Brooks 
who found that surface areas determined 
from the reduction of surface oxides were 
larger than those calculated from hydrogen 
adsorption (24). The present results indi- 
cate that his arbitrary selected conditions 
(15 kPa 02, 350°C 30 min) are likely to lead 
to the formation of some bulk oxide. 

With Pt/Ir (catalyst 3), in contrast, the H, 
consumption (Fig. 14) and the height of the 
low-temperature TPR peak (Fig. 11) in- 
creased steadily in the range 100 < To, < 
300°C. This behavior can only be explained 

if reaction of 0, with Ir to form Ir,O causes 
further Ir to diffuse to the surface. Such 
oxygen-induced surface segregation of the 
more readily oxidized component of an 
alloy is predicted by recent theories (13) 
and has been observed, for example, with 
Pd/Au (25). If the H, consumption for 
Pt/Ir at T,, = 200°C (Fig. 14) is compared 
with the number of metal surface atoms 
before oxidation (Table 3) the above stoi- 
chiometry gives a surface composition at 
this temperature of 27% Ir and 73% Pt. 
However, that value is certainly somewhat 
too low since during oxidation at 200°C 
some Ir will have diffused to the surface. 

The extent to which the average surface 
composition may be changed is illustrated 
in Table 4. 

When a second oxidation-TPR sequence 
was carried out immediately after the first 
oxidation-TPR cycle or after only short 
annealing in H2 at 4OO”C, a surface compo- 
sition of 50% Pt and 50% Ir was calculated 
from the Hz consumption. However, pro- 
longed annealing restored the original sur- 
face composition of 73% Pt and 27% Ir. 

Wagstaff and Prins (17) determined TPR 
profiles for Pt/Ir (SO/SO) on y-A&O3 oxi- 
dized at 350°C. They observed a single peak 
with a maximum at 1Os”C and ascribed this 
to the reduction of a mixed oxide of Pt and 
Ir with an overall oxidation state of 3+. 
This interpretation is not supported by the 
present results. We have recently discussed 
the reason for this discrepancy elsewhere 
(26). 

Reducrior2 of Oxide 

It was observed that interrupting a TPR 
profile for T = 550°C at the high-tempera- 
ture maximum and restarting it again at 
room temperature leads, for both Ir (Cata- 
lyst 2) and Pt/Ir (catalyst 3), to a lowering 
in the temperature of the maximum. This 
shows that after the interruption the rate of 
reduction is greater. This speeding up of the 
reduction is no doubt due to the presence of 
the metal particles formed before the inter- 
ruption. However, when Ir metal particles 
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were physically added to IrOz crystals by 
thoroughly mixing samples of reduced and 
completely oxidized Ir catalysts, the TPR 
profile was very much like that observed 
for the oxidized catalyst alone. These 
results show that intimate oxide-metal con- 
tact reduces the maximum from 240 to 
215°C. The same effect is reflected in the 
TPR profiles for the range 300 < To, < 
700°C for which the TEM results show that 
intimate oxide-metal contact exists at the 
lower end but is lost as To, increases. Since 
with Ir all metal is converted to oxide the 
maximum is shifted to 240°C already at Tox 
= 550°C (Fig. lo), but with Pt/Ir an appre- 
ciable proportion of oxide crystals is then 
still in contact with the residual Pt-rich 
metal particles and thus both maxima are 
observed (Fig. 11). Similarly at To, = 
lOO”C, where the surface of Ir metal parti- 
cles is only partly covered with Ir,O (Fig. 
10) the TPR maximum occurs at 75°C and in 
the range 200 < To, < 3WC, where the 
surface is completely converted to Ir,O 
the maximum is shifted to 87°C. With 
Pt/Ir, in contrast, where Pt is exposed at 
all values of To, the low-temperature 
TPR maximum is constant at 60°C. Our 
results thus show that the reduction is 
autocatalytic. Hydrogen chemisorbs dis- 
sociatively on nucleated ~metal crystals 
and diffuses in atomic form onto the ox- 
ide where it facilitates the nucleation of 
further metal crystals. Thus a spillover 
effect similar to that observed for noble 
metals on NiO is operating (27). The 
generally higher concentrations of metal 
particles near the thinner edges of oxide 
crystals (Fig. 12b) suggest that surface 
steps (terminating { 1 lo} type oxide planes) 
are most active for nucleation. 

The result, that on complete reduction 
IrO, crystals are converted into agglomer- 
ates of small metal particles (e.g., Fig. 12d), 
disagrees with claims by Sinfelt and Via 
(.?a) who concluded from XRD observa- 
tions that oxide and metal particles are of 
similar size. Since Sinfelt and Via prepared 
catalysts with metal loadings more than 5 

times higher than the ones employed here it 
may well be that the resulting oxide crystals 
were generally thicker than in the present 
work. The discrepancy may then be ex- 
plained since we observed that reduction of 
thicker oxide crystals produces somewhat 
larger metal particles. 

CONCLUSIONS 

1. When H,PtCl, and HJrCl, coim- 
pregnated on SiO, are reduced in Hz at 
500°C single-phase Pt/Ir alloy particles are 
formed only if the concentrations of Pt and 
Ir are nearly equal. 

2. Only Ir is oxidized when Pt/Ir alloy 
particles are heated in an atmosphere of 1% 
or more of 0, in an inert gas. Below 300°C 
the product is a surface oxide, Ir,O, but 
above 300°C numerous individual IrO, 
crystals are formed. 

3. The formation of Ir,O changes the 
original Pt-rich surface of alloy particles in 
favor of Ir, but the original surface compo- 
sition can be restored by heating in H, at 
400°C for 20 hr. 

4. In the range 300-550°C crystals of 
IrO, grow out of alloy particles and oxide 
and metal are in intimate contact. Above 
550°C gas phase transport of IrO, leads to 
the formation of large oxide crystals sepa- 
rate from metal particles. 

5. The reduction of IrO, is autocata- 
lytic; hydrogen chemisorbs dissociatively 
on nucleated or residual metal particles and 
then diffuses in atomic form onto the adja- 
cent oxide, where it facilitates the nuclea- 
tion of further metal particles. 
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